Thyroid hormone (T3) is essential for normal development and organ function throughout vertebrates. Its effects are mainly mediated through transcriptional regulation by T3 receptor (TR). The identification and characterization of the immediate early, direct target genes are thus of critical importance in understanding the molecular pathways induced by T3. Unfortunately, this has been hampered by the difficulty to study gene regulation by T3 in uterus-enclosed mammalian embryos. Here we used Xenopus metamorphosis as a model for vertebrate postembryonic development to identify direct T3 response genes in vivo. We took advantage of the ability to easily induce metamorphosis with physiological levels of T3 and to carry out microarray analysis in Xenopus laevis and genome-wide sequence analysis in Xenopus tropicalis. This allowed us to identify 188 up-regulated and 249 down-regulated genes by T3 in the absence of new protein synthesis in whole animals. We further provide evidence to show that these genes contain functional TREs that are bound by TR in tadpoles and that their promoters are regulated by TR in vivo. More importantly, gene ontology analysis showed that the direct up-regulated genes are enriched in categories important for transcriptional regulation and protein degradation-dependent signaling processes but not DNA replication. Our findings thus revealed the existence of interesting pathways induced by T3 at the earliest step of metamorphosis.
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Thyroid hormone (T3)
2 is critical for adult organ homeostasis and function and also essential for vertebrate development (1) (2) (3) (4) (5) (6) (7) (8) (9) . T3 deficiency during development leads to severe developmental defects in mammals, including cretinism in human, which is characterized by severe short stature and mental retardation (5) . During early mammalian development, there is little T3 in the fetus, although some maternal T3 reaches the embryo.
High levels of T3 are present only during the so-called postembryonic period, which spans from several months prior to birth to several months after birth in human (3, 10) . This is a critical period of organ growth and maturation, and thus, not surprisingly, T3 deficiency during this period causes severe developmental defects (5, 11, 12) . Interestingly, appropriate levels of maternal T3 are also important to ensure proper mammalian development (13) (14) (15) . These observations suggest that proper levels of T3 in both the mother and fetus are critical for mammalian development, which makes it difficult to separate the direct effects of T3 on the development of the fetus versus indirect effects through maternal influence. Furthermore, there are only a limited number of known direct T3 response genes in different model systems, and no systematic analysis has been carried out to isolate such genes in development. All these have hampered our understanding of how T3 regulates development in vivo.
Amphibian metamorphosis is a postembryonic process that is also dependent on T3 (4, 16) . Studies in anurans such as Xenopus laevis in the past century have shown that T3 controls every aspect of metamorphosis and is both necessary and sufficient (9, (17) (18) (19) . During metamorphosis, different tissues have different fates (4, 17) . For example, the tail and gills undergo resorption, the brain, skin, intestine, and other visceral organs undergo remodeling while the limbs are generated de novo. All these changes are controlled by T3 in mostly organ-autonomous manner.
T3 action is primarily mediated through thyroid receptors (TRs), which are transcription factors and are members of nuclear receptor superfamily (1, 2, 9, 19 -21) . TRs bind to chromosomal sites in the promoter regions (known as thyroid response elements (TRE)) of direct response genes of T3. For T3-inducible genes, these binding sites are often composed of two direct repeats of the consensus sequence AGGTCA with a 4-bp spacer sequence. TR functions mainly as a heterodimer with 9-cis-retinoic acid receptor (RXR) at these TREs and represses and activates these genes by recruiting corepressor and coactivator complexes in the absence or presence of T3, respectively.
We have previously proposed a dual function model for TR function during anuran metamorphosis (22, 23) . According to this model, in the absence of T3, TR/RXR heterodimers repress direct target genes to ensure proper growth of the premetamorphic tadpoles and prevent premature metamor-phic organ transformations. In the presence of T3, TR/RXR heterodimers activate these target genes to initiate metamorphosis. Over the years, studies by us and others have shown that TRs are both necessary and sufficient to mediate the metamorphic effects of T3 in X. laevis (9, 19) . Thus all the remarkable morphological and developmental changes in the different tissues are effected through gene expression cascades initiated by TRs. Furthermore, TRs indeed have dual functions during metamorphosis. They recruit corepressor complexes in premetamorphic tadpoles to control metamorphic timing and recruit coactivator complexes to initiate metamorphosis (24 -28) . In addition, the levels of coactivator complexes also regulate the rate of metamorphic progression (29) .
Using subtractive hybridization screening and microarrays, we and others have previously documented the differentially expressed genes in different organs during both T3-induced and natural metamorphosis (4, 17, 30 -33) . These studies have provided us with an understanding of the global gene expression changes and signaling pathways involved in metamorphosis. How these genes are regulated remains largely unknown, although a few have been shown to be direct target genes of TRs (34 -38) . Here we have made use of the recent advances in microarray analysis of gene expression in X. laevis and genomic sequencing in the highly related species Xenopus tropicalis to systematically identify direct target genes of T3, which are likely key players in propagating the effects of T3 in regulating metamorphosis. This is made possible in part by the fact that X. laevis and X. tropicalis undergo essentially identical T3-dependent metamorphosis. In addition, TR and RXR genes are regulated and function similarly in both species during development (39) . As the regulation of immediate early, direct TR target genes by T3 should be independent of new protein synthesis, to identify these direct targets, we treated premetamorphic X. laevis tadpoles with T3 to induce metamorphosis and included protein synthesis inhibitors to block the synthesis of new proteins. We identified the resulting T3 response genes by using an X. laevis microarray. Gene ontology (GO) analysis revealed that these genes are enriched in categories important for the earliest steps of cellular transformations during metamorphosis. To determine whether these genes are regulated by TR directly at the transcriptional level, we then carried out bioinformatics analysis of the homologous genes in X. tropicalis followed by in vitro DNA binding studies. These results showed that essentially all of the genes had one or more functional TREs in and around their promoters. More importantly, we demonstrated that TR was bound to these TREs in tadpoles and regulated their promoters in vivo. Thus, our studies not only identified many direct TR target genes in vivo but also revealed a number of signaling transduction pathways that are regulated by T3 as the first step toward inducing metamorphosis.
MATERIALS AND METHODS
RNA Sample Collection, Probe Preparation, and Microarray Hybridization-X. laevis tadpoles (stage 45/46, 10 days old, Nasco Sci., Fort Atkinson, WI) were treated in 0.1ϫ Marc's modified Ringer solution alone, with 100 nM 3,5,3Ј-triiodo-Lthyronine (T3), with protein synthesis inhibitors (referred to as cycloheximide (CHX, 20 g/ml) and anisomycin (25 g/ml), which is known to inhibit over 95% of new protein synthesis in vivo (40)) or with T3 and CHX. Each treatment included 12 tadpoles and was replicated 3 times. For tadpoles treated with both T3 and CHX, the tadpoles were treated with CHX for 1 h before T3 addition. The tadpoles were treated in T3 for 14 h and/or CHX for 15 h. They were sacrificed, and total RNA was isolated using TRIzol reagent (Invitrogen). The RNA samples were further purified using LiCl precipitation according manufacturer's recommendations (Ambion, Austin, TX). The RNA samples were analyzed using Bioanalyzer (Agilent Technologies, Santa Clara, CA) to check RNA quality. 2 g RNA from each sample was used to prepare cDNA, and then Cy3-labeled cRNA using a Low RNA Input Linear Amplification Kit from Agilent Technologies was used. The Cy3-labeled cRNA and Cy5-labeled X. laevis Universal Reference cRNA (made from mRNA isolated from tadpoles at multiple stages of development) (31, 32) were hybridized together onto the X. laevis 60-mer oligonucleotide microarray from Agilent Technologies (AMADID# 013665) using the Microarray Hybridization kit (Agilent Technologies) with a two-color reference design system as described (31, 32) . After 17-h hybridization at 65°C, microarray slides were washed according to manufacturer's instructions and scanned with an Agilent Technologies Microarray scanner. Intensity value of each feature was obtained by the Feature Extraction software from Agilent, and statistically significant differentially expressed genes were obtained using Genespring GX software by performing oneway analysis of variance without assuming that all variances were equal and by setting the Benjamini and Hochberg false discovery rate to 5% for multivariate correction (41, 42) .
Real-time qRT-PCR Assays Using SYBR Green Dye and TaqMan Probes-cDNA was prepared from 2 g of total RNA using the Applied Biosystems' High Capacity cDNA Archive kit according to the manufacturer's instructions in a total reaction volume of 50 l. For quantitative reverse transcription (qRT)-PCR using TaqMan probes, 4 l of cDNA was used in each reaction using Applied Biosystems 2ϫ PCR Master mix and 20ϫ or 60ϫ TaqMan probe mix. Ribosomal protein L8 was analyzed as a normalization control (43) . For qRT-PCR based on SYBR Green detection, 2 l of cDNA was used for each reaction, and EF1␣ was used as the control. The primer sequences are listed in Table 1 or as published previously (31, 43) .
Bioinformatic Search for TREs in X. tropicalis Genes-Expressed sequence tag or cDNA sequences of CHX-resistant T3-regulated genes were obtained from NCBI Entrez. These (44) . The pattern used was (A/G)(A/ G)GT(C/T)ANNNN(A/G)(A/G)GT(C/T)A with two mismatches allowed.
Gel Mobility Shift Assay-TR␣ and RXR␣ proteins were obtained by coupled transcription/translation from cDNA cloned in pSP64 (poly(A)) vector (45) using the TNT SP6 Quick Coupled Transcription/Translation System from Promega (Madison, WI). For each in vitro translation reaction, 1.5 g of plasmid DNA was used in a 50-l reaction. TR␣ and RXR␣ reactions were mixed after the in vitro translation to yield 100 l of TR␣/RXR␣ solution. IR700-labeled TREs from the promoter region of Xenopus TR␤A gene (34, 46) were custom made by Integrated DNA Technologies (Coralville, IA). Both sense and antisense oligonucleotides were 5Ј IR700-labeled. They were annealed together, and 50 fmol was used in each reaction. The oligonucleotides (sense and antisense) for different TREs or the mutant TRE from TR␤A gene (34) were annealed and diluted to 200 fmol/l, 1 pmol/l, and 5 pmol/l to obtain 4ϫ, 20ϫ, and 100ϫ unlabeled oligonucleotides for competition. The total volume of each gel mobility shift reaction was 15 l. All gel mobility shift assays were done by incubating the mixture of 1 l of TR␣/RXR␣ protein mix with 1 l of 50 fmol/l, 3 l of 5ϫ gel shift binding buffer (Promega), and 1 l of appropriate dilution of unlabeled competitor oligonucleotides at room temperature for 20 min, followed by the addition of 1.5 l of Orange loading dye (LI-COR Corp.) and analysis on 6% DNA retardation gels (Invitrogen). Gels were run at 100 V for 1 h and then scanned using a LI-COR Odyssey Infrared scanner.
ChIP Assay-Stage 54 X. tropicalis tadpoles (Nasco Sci.) were treated with 10 nM T3 for 48 h in 0.1ϫ Marc's modified Ringer solution (or in 0.1ϫ Marc's modified Ringer solution only for control tadpoles), and chromatin immunoprecipitation (ChIP) was done with antibodies for TR and ID14, an extracellular protein as a negative control (47), using the protocol described before (46). All the treatment and control groups had three replicates, and each replicate consisted of three tadpoles. For TR immunoprecipitation, the new anti-TR antibody (PB) was used (39) . Primers designed around the putative TREs or a downstream exon region as a negative control (listed in supplemental Table 10A ) were used in real-time quantitative PCR using SYBR Green for detection. All the enrichment data are represented as the means Ϯ S.E. of the percentage of input chromatin, and a p value Յ 0.05 was considered to be statistically significant using Student's t test.
Cloning of Promoter Regions-Promoter regions of cyclin J, collagenase-3, and deiodinase-3 genes were PCR-amplified from X. tropicalis genomic DNA with appropriate primers (listed in supplemental Table 10B ). These regions were chosen to include the putative TRE regions and the promoters. The PCR-amplified products from cyclin J and collagenase-3 promoter regions were cloned into the KpnI and XhoI sites of pGL4.10 vector (Promega). Deiodinase-3 promoter region was cloned into the XhoI and HindIII sites of pGL4.10. The pGL-TRE luciferase reporter vector (TRE-Luc) containing the T3-dependent promoter of the X. laevis TR␤A gene driving the expression of the firefly luciferase has been described before (48) .
Transcription Assay in the X. laevis Oocyte System-The pSP64 plasmids containing TR and RXR, which encode X. laevis TR␤A and RXR␣, were linearized and transcribed in vitro using a SP6 kit (Ambion) as previously described (45) . The cytoplasm of stage VI oocytes from X. laevis was injected with 5.75 ng/ oocyte of the TR and RXR mRNAs. Four hours later, the luciferase reporter TRE-Luc plasmid DNA (0.33 ng/oocyte), serving as a positive control, and the control vector, phRG-TK (0.03 ng/ oocyte), which contained the herpes simplex virus thymidine kinase promoter driving the expression of the Renilla luciferase, were co-injected into the nucleus. In parallel, the firefly luciferase reporter under the control of the cyclin J, collagenase-3, or deiodinase-3 promoter (0.33 ng/oocyte) and the control vector phRG-TK (0.03 ng/oocyte) were co-injected similarly into the nucleus. After incubation at 18°C overnight in the presence or absence of 100 nM T3 (45), the injected oocytes were prepared for luciferase assay using the Dual-Luciferase-Reporter Assay system according to the manufacturer's protocol (Promega). Five oocytes per sample were lysed in 75 l of 1ϫ lysis buffer (Promega), and 10 l of the lysate was used for luciferase assay. Five independent samples were done for each injection at the same time, and the experiments were repeated three times. The relative expression of firefly luciferase from the reporter plasmid to Renilla luciferase from the control plasmid was determined and is reported here. Each data point represents the average from each group. Data are represented as the means Ϯ S.E.; a p value Յ 0.05 was considered to be statistically significant using Student's t test, and T3 regulation for all promoters were found to be significant.
RESULTS
Identification of the Direct Response Genes of Thyroid Hormone in X. laevis-To identify immediate early, direct T3 response genes, we treated 10-day-old X. laevis tadpoles, which were approximately at stage 45/46 and competent to respond to exogenous T3 due to the expression of high levels of TR␣ (4, 49, 50) , with four different solutions: control (0.1ϫ Marc's modified Ringer solution, group 1), 100 nM T3 (group 2), protein synthesis inhibitors (CHX group, group 3), and CHX plus 100 nM T3 (group 4) (Fig. 1) . Each treatment was done in threeindependent repeats simultaneously. Total RNA was isolated from whole tadpoles and subjected to microarray analysis with a 60-mer oligonucleotide microarray. For microarray analysis, we used a two-color labeling system, with Cy3-labeled experimental sample and Cy5-labeled universal control made of RNA isolated from whole animals of different metamorphic stages as the internal reference (Fig. 1) . Quality control of the data were (31) and demonstrated that the three replicas of each treatment group had highly reproducible gene expression profiles (data not shown).
To identify significantly regulated genes, we performed analysis of variance across all treatment groups with statistical significance of 5% false discovery rate with the -fold change cut-off value set at Ն1.3 for the regulated genes. Because of the reproducibility of the microarray and the use of three biological replicates/treatment, it was possible to obtain statistically significant changes at this fold change cut-off. (It is worth pointing out that due to the very short treatment time, the induction observed under the current conditions was much lower than that after longer treatment for well characterized genes such as TR␤ and stromelysin-3, which is expected. Thus, the T3 induction in gene expression will likely be more dramatic in development in vivo. Thus, we set the cut-off at the relatively low level of 1.3). This analysis led to the identification of 188 genes upregulated and 249 genes down-regulated by T3 in the presence of CHX (group 4 compared with group 3) ( Table 2, supplemental Tables 1 and 3 , and Fig. 2, A and B) . In addition, 311 genes were up-regulated and 162 genes were down-regulated by T3 alone (in the absence of CHX, i.e. group 2 compared with group 1) (supplemental Tables 2 and 4 ). The genes regulated by T3 alone likely included both immediate early, direct response and late response genes, with the regulation of the latter sensitive to CHX. Thus, one might expect that all genes regulated by T3 plus CHX were among the genes regulated by T3 alone. Surprisingly, only 71 genes were commonly up-regulated and 29 genes commonly down-regulated by T3 or T3 plus CHX (Fig.  2) . Although most CHX-resistant T3 response genes were not found as T3 response genes in the absence of CHX during the 15-h treatment, they were likely true T3 response genes, but their regulation by T3 alone was not detected during the relatively short treatment period under our experimental conditions (see "Discussion").
Confirmation of the Regulated Genes by qRT-PCR Assay in X. laevis-Having identified the regulated genes by microarray analysis, we next validated the regulation of these genes by T3 and or T3 plus CHX. We analyzed the expression of a number of genes regulated by T3 in the array in independently isolated total RNA samples using either TaqMan probe-based or SYBR Green detection-based qRT-PCR. We tested eight genes with TaqMan probes in qRT-PCR assay: three previously known direct up-regulated genes, TR␤A (34, 51), TH/bZIP (35), and stromelysin-3 (36), four genes known to be late T3 response genes, BMP-4 (52), gelatinase A (53), IFABP (54), and TIMP2 (55), and one gene independent of T3, HOXA1 (56) (Fig. 3A and  data not shown) . The results were all consistent with the data obtained from microarray analysis. In addition, we used SYBR Green detection-based qRT-PCR to analyze four newly identified genes induced by T3 plus CHX: cyclin J, cyclin F, REV1, and RCOR2. Again, the qRT-PCR results confirmed the microarray findings (Fig. 3B) .
Functional Classification of the Up-regulated Genes-We next used GO classification to identify significantly enriched functional categories in the genes up-regulated by T3 alone or by T3 in the presence of CHX. The gene symbols were derived from the homologous human genes as described before (31, 32) . GoMiner software (57) was used to find these enriched GO categories with p value set at Ͻ0.05. Among GO categories with three or more genes up-regulated by either T3 or T3 in the presence of CHX, many categories related to metabolism/catabolism or cell proliferation (cell cycle/DNA replication) were found to be common between the T3 and T3 plus CHX groups, suggesting that the genes in these categories are involved in the early events of metamorphosis (Table 3A and supplemental  Tables 5 and 6 ). Interestingly, careful comparisons of the two lists of enriched GO categories revealed that some of the categories enriched in T3 up-regulated genes were not enriched in CHX-resistant T3 up-regulated genes (Table 3A) . For example, DNA replication genes (GO: 0006260) were highly enriched in the T3 up-regulated group (3.0-fold enrichment, p ϭ 0.00) but not in CHX-resistant T3 up-regulated group (1.51-fold enrichment, p ϭ 0.32). Similarly, ribosomal biogenesis and assembly genes (GO: 0042254) were highly enriched in T3-up-regulated genes (3.9-fold enrichment; p ϭ 0.00) but not significantly enriched in the CHX-resistant up-regulated genes (0.0-fold enrichment; p ϭ 1.00). These results suggest that, although cell cycle progression was induced by both T3 and T3 plus CHX, some late response genes, sensitive to CHX, are required for the cells to progress to DNA replication. Such late genes might be among the GO categories for DNA replication and ribosomal biogenesis and assembly. Likewise, apoptosis, another major event occurring during metamorphosis in many tissues (4), seemed to require genes that are sensitive to CHX, because genes in the apoptotic program were enriched in the T3 group but not in the T3 plus CHX group (Table 3A) . Conversely, GO categories related to transcriptional regulation, such as the transcription factor activity category (GO: 0003700), were significantly enriched in the CHX-resistant T3-up-regulated genes, but not in the T3 up-regulated genes (Table 3A and supplemental Tables 5 and 6 ). This may not be surprising as it is expected that transcriptional regulation should be an important initial event of many signaling pathways. Taken together, the gene ontology analysis indicates that the T3 direct-response genes (i.e. CHX-resistant T3 up-regulated genes) may not be sufficient for DNA replication or ribo- somal biogenesis by themselves and hence will not drive cell proliferation. They, however, are likely critical to initiate cell cycle progression and/or other signaling processes by regulating the transcription of downstream genes. In contrast to the up-regulated categories, there was little overlap among the significantly enriched GO categories between the genes down-regulated by T3 and the genes downregulated by T3 in the presence of CHX (Fig. 3B and supplemental Tables 7 and 8 ). This is consistent with the fact that a lot fewer genes were found to be commonly down-regulated by T3 and T3 plus CHX compared with the up-regulated genes (Fig.  2) . Interestingly, a number of categories involved in cellular processes, such as cell differentiation and cytoskeletal changes, were significantly enriched in genes down-regulated by T3 in the presence of CHX, whereas a number of categories at the organismal level, such as organ development and multicellular organismal processes, were significantly enriched in genes down-regulated by T3 alone (Table 3B ). Such changes suggest that down-regulation of cellular processes occurs prior to the changes at the organ levels, which would be expected, and that the latter requires late/indirect T3 response genes.
Bioinformatic Search for Putative TREs in the X. tropicalis Homologs of the CHX-Resistant T3-up-regulated Genes Found in X. laevis-Although immediate early, direct TR target genes are expected to be regulated by TR without a requirement for new protein synthesis, it is possible that some of the genes whose regulation by T3 is resistant to CHX may not be direct target genes of TR, e.g. through non-genomic effects of T3 (58) . (Note there should also be direct T3 response genes that are sensitive to CHX. The regulation of such genes by T3 occurs later and requires the synthesis of other proteins even though TR can bind directly to their regulatory regions. Such genes are outside of the scope of this study). Thus, to investigate whether the CHX-resistant T3 response genes were direct TR target genes, we needed to determine whether the genes contained functional TREs. The lack of genomic sequence information in X. laevis made it difficult to carry out such analysis. On the other hand, a highly related species, X. tropicalis, had a nearly completely sequenced genome and an essentially identical developmental profile, although a shorter life cycle. More importantly, its TR and RXR genes are regulated and function similarly during development as in X. laevis and the homologs of several known TR target genes in X. laevis have been shown to be regulated by T3 identically in X. tropicalis (39) . To investigate whether the newly identified CHX-resistant T3 response genes are similarly regulated by T3 in X. tropicalis, we carried out qRT-PCR analysis for four homologous genes in X. tropicalis, cyclin J, REV1, cyclin F, and RCOR2, by using total RNA isolated from X. tropicalis tadpoles treated with T3 and/or CHX. All of them were found to be regulated in X. tropicalis just like in X. laevis (Fig. 4, compared with Fig. 3B ), suggesting that it is likely that most, if not all, of the newly identified target genes are regulated similarly in X. tropicalis as in X. laevis.
The conservation in their regulation makes it possible to carry out a bioinformatic search for TREs in the target genes. For this purpose, we focused on the CHX-resistant T3 up-regulated genes, because much less is known about how TR downregulates gene expression in the presence of T3. To do this, we A, 311 genes were up-regulated by T3 alone (T3 group compared with control group), whereas 188 were up-regulated by T3 in the presence of CHX (T3 plus CHX group compared with CHX group). Among them, 71 genes were commonly up-regulated by T3 or T3 plus CHX. B, 162 genes were down-regulated by T3 alone (T3 group compared with control group), whereas 249 were downregulated by T3 in the presence of CHX (T3 plus CHX group compared with CHX group). Among them, 29 genes were commonly down-regulated by T3 or T3 plus CHX. FIGURE 3. Verification of microarray data by qRT-PCR. Primer sets for indicated genes were used for qRT-PCR analysis with independently isolated total RNA from control, T3-treated, CHX-treated, and T3 plus CHXtreated X. laevis tadpoles (n ϭ 4 in each treatment group). A, three previously known T3 direct-regulated genes, one late T3-down-regulated gene (IFABP), and one non-regulated gene (HOXA1) were analyzed by TaqMan qRT-PCR with rpL8 (ribosomal protein L8) as the control gene (non-regulated). Note that IFABP was down-regulated by T3 alone but not by T3 plus CHX. B, four newly identified T3 direct response genes were analyzed by SYBR Green qRT-PCR with EF1␣ (elongation factor 1␣) as the control gene (non-regulated). For all genes, the signal was normalized with the control gene and the mean of the control group was set to 1. Student's t test was carried out between pairs of control and T3-treated groups and pairs of CHX-treated and CHX plus T3-treated groups, and all pairwise comparisons had p values Ͻ0.05.
chose the 68 genes whose regulation by T3 in the presence of CHX in X. laevis was 1.5-fold or higher (Table 2 ) to reduce the likelihood of a gene being a false positive from the microarray analysis. We identified X. tropicalis homologs of these genes by using the blastx algorithm (ftp.ncbi.nlm.nih.gov/ blast/) (59) . This allowed us to map 46 genes out of the 68 X. laevis CHX-resistant T3 up-regulated genes to the X. tropicalis genome-annotated protein data base (the other 22 genes were not found most likely due to incomplete genome sequence and/or annotation). We then extracted a 2000-bp sequence from either side of the putative transcriptional start site (4000-bp total) and used the fuzznuc program within the EMBOSS suite of programs to search for TRE in these 4000-bp promoter regions of the CHX-resistant genes in the X. tropicalis genome. We searched for the pattern 5Ј-(A/G)(A/ G)GT(C/T)ANNNN(A/G)(A/G)GT(C/T)A-3Ј. The positive alignments were allowed up to two mismatches. This search yields TRE-like element in all but one of the promoters of CHX-resistant genes identified (supplemental Table 9 ).
In Vitro Binding of TR/RXR Heterodimers to the Putative TREs-We used a gel-mobility assay to identify the TREs that can bind to TR biochemically. We used the TRE located in the T3-dependent X. laevis TR␤A gene promoter as the positive control (34, 51) . For T3-induced genes, TR normally functions as a heterodimer with RXR. Thus, to investigate the ability of the putative TREs in the newly identified target genes to bind to TR/RXR heterodimers, we labeled the double-stranded TR␤ TRE oligonucleotide and used it for in vitro binding with in vitro translated TR and RXR. We competed against the complex formation between the TR␤ TRE and the TR/RXR with the double-stranded oligonucleotides made of the putative TREs in the promoter regions of eight direct target genes (PAAF1, NFIX, collagenase-3, DNaseIL3, deiodinase-3, cyclin J, gene 12b1, and REV1) (supplemental Table 9 ). The results for two of the genes, cyclin J and REV1, are shown in Fig. 5 . As shown in Fig. 5 (C and D) , the TR␤ TRE formed a complex with TR/RXR (lane 2), and this complex was effectively competed away by the unlabeled TR␤ TRE itself (lanes 3-5) but not by a mutated version of the TR␤ TRE (TR␤ mTRE) (lanes 6 -8), demonstrating the specificity of the binding reaction in vitro. Among the unlabeled double-stranded oligonucleotides from cyclin J (Fig.  5C ) and REV1 (Fig. 5D) promoter regions, cyclin J TRE3 (Fig.  5C, lanes 15-17) and TRE5 (Fig. 5C, lanes 21-23) , and REV1 TRE4 (Fig. 5D, lanes 18 -20) competed effectively, whereas the other putative TREs did not, suggesting that these three TREs can bind to TR/RXR at least biochemically in vitro. Using this assay, at least one functional TRE was confirmed for each of the eight genes tested (Fig. 6A) .
Consensus TRE Motif for the Xenopus T3-up-regulated GenesBy using a position-specific probability matrix (MEME, available on-line) (60), we generated a consensus TRE for Xenopus TR target genes (Fig. 6, B and C) from the 17 newly identified X. Tropicalis TREs and the 5 previously identified TREs from X. laevis genes TR␤A (34), TH/bZIP (two TREs) (35), stromely-FIGURE 4. Conservation of the T3-regulation of newly identified genes in X. tropicalis. Selected up-regulated genes were analyzed by SYBR Green qRT-PCR in X. tropicalis tadpoles. Primers sets of four selected T3 direct response genes (same genes as in Fig. 3B ) were used to analyze the expression of the genes in total RNA from control, T3-treated, CHX-treated, and T3 plus CHXtreated X. tropicalis tadpole samples (n ϭ 4 in each treatment group). EF1␣ (elongation factor 1␣) was also analyzed as the control gene (non-regulated). For all genes, the signal was normalized with the control gene and the mean of the control group was set to 1. Student's t test was carried out between pairs of control and T3-treated groups, and pairs of CHX-treated and CHXϩT3-treated groups and all pairwise comparisons had p values Ͻ0.05. a Numbers of changed genes and enrichment factors are shown in bold in statistically significant GO categories (p Ͻ 0.05 as determined by the GoMiner software).
sin-3 (36), and KLF9 (35) (Fig. 6A) . The results from this rather larger set of biochemically characterized naturally occurring TREs indicate that AGGTCAnnTnAGGTCA is the optimal target sequence of endogenous target genes for TR/RXR heterodimers, consistent with previous findings from in vitro and mammalian cell culture studies (61, 62) . In Vivo Regulation of Direct Response Gene Promoters by T3-Having shown that the newly identified direct T3 response genes contain TREs capable of binding to TR/RXR heterodimers in vitro, we next investigated whether the corresponding promoters can be regulated by TR/RXR in vivo in the context of chromatin. For this purpose, we PCR-amplified the promoter regions, including the TREs of the cyclin J, collagenase-3, and deiodinase-3 genes from X. tropicalis. These genes were chosen in part due the relatively small sizes of the regions that contain both the promoter and the TREs. The PCR products were placed in front of the firefly luciferase reporter gene in pGL4.10 vector. To study their regulation by TR, we use the X. laevis oocyte transcription system, where we can study promoter regulation in the context of chromatin (63) . We first introduced TR␣ and RXR␣ into frog oocyte by microinjecting their mRNAs into the cytoplasm. Four hours later, the firefly luciferase reporter plasmid and an internal control plasmid, which contained the Renilla luciferase under the control of the T3-independent TK promoter, were co-injected into the oocyte nucleus. After overnight incubation in the presence or absence of T3, the oocytes were collected to assay for the activities of the firefly luciferase over those of the Renilla luciferase. The results showed that the expression of TR/RXR in the absence of T3 led to a reduction in the activity of the promoters, and the addition of T3 caused strong activation of these promoters, similar to that observed for the X. laevis TR␤A promoter (Fig. 7A) 
DISCUSSION
T3 regulates diverse developmental processes and organ function and metabolisms in different vertebrate species. Although non-genomic actions of T3 undoubtedly contribute to some of the biological effects of T3 (58), TR is generally believed to be the main mediator of T3 action through transcriptional regulation. The immediate early, direct target genes of TR likely play critical roles to transduce the biological effects of T3. While a number of microarrays have been carried out to identify T3 response genes in different species, the T3-resposne genes identified from such studies include both immediate early, direct target genes of TR as well as downstream, late T3 response genes. Amphibian metamorphosis is an ideal model system to study T3 action in development because of its total dependence on T3 and the ability to easily manipulate this process without any potential complications of maternal effects as in mammals (3, 4) . Furthermore, TR has been shown to be both necessary and sufficient for the metamorphic effects of T3, suggesting an essential role of direct TR target genes in this process (9, 17, 19) . Here, we have combined the advantages of two highly related frog species, microarray analysis in X. laevis and genome sequence information in X. tropicalis, to not only identify immediate early, direct target genes of T3 but also provide evidence to support their regulation by TR in developing tadpoles in vivo. Furthermore, our gene ontology analysis has revealed interesting pathways induced by T3 at the earliest stages of the metamorphic process.
Our microarray analysis in X. laevis identified 188 genes upregulated and 249 genes down-regulated by T3 in the absence of new protein synthesis. Interestingly, most of these genes were not found as T3 response genes in the absence of CHX during the 15-h treatment. Although the exact reasons remain to be determined, some possibilities include the following. First, CHX can stabilize some mRNAs (Fig. 3) . This might have altered the magnitude of the changes for some genes. Some genes with the extent of T3 regulation near the 1.3-fold cut-off might change from being a regulated gene to being a non-regulated gene and vice versa in the presence of CHX. In addition, some of the T3-regulated genes might be expressed at very low levels and thus not detectable or with more variable signals on the microarray in the absence of CHX by the microarray. Upon stabilization by CHX, they were now detectable with more consistent signals as T3-regulated genes. Second, some of the genes regulated by T3 treatment alone were late response genes and were thus not regulated by T3 in the presence of CHX. Finally, undoubtedly some genes with a fold of regulation by T3 around the 1.3-fold cut-off might be missed in the T3 alone group or T3 plus CHX group due to some expected experimental variations. Thus, it is quite likely that most of the genes regulated by T3 in the presence of CHX are true T3 response genes during metamorphosis.
The above conclusion is also supported by our studies in X. tropicalis, a closely related diploid species of X. laevis within the Xenopodinae subfamily of anurans. We have shown previously that TR and RXR genes are regulated and function similarly in X. tropicalis and X. laevis (39) . In addition, of the a few direct TR target genes in X. laevis that have been analyzed in X. tropicalis, all are regulated by T3 similarly in X. tropicalis (39) . 3 Our studies here also indicate that the corresponding genes of the newly identified CHX-resistant T3 response genes in X. laevis are similarly regulated in X. tropicalis, supporting the idea that the . TR regulates the T3-direct response genes in vivo. A, TR/RXR heterodimer activates cyclin J, collagenase-3, and deiodinase-3 promoters in the presence of T3. The indicated promoter constructs for firefly luciferase were co-injected with the internal control plasmid phRG-TK driving the expression of Renilla luciferase into the nuclei of the oocytes with or without prior microinjection of mRNAs for TR␣ and RXR␣ (TR/RXR) into the cytoplasm. The oocytes were incubated at 18°C overnight in the presence or absence of 100 nM T3 and then subjected to dual luciferase assays. The normalized firefly luciferase activities of the reporters were plotted. The bars represent the means Ϯ S.E. of one independent experiment performed in quintuple (p Ͻ 0.05 was found for all samples); the experiment was performed three times with similar results. B, TR is bound to the TREs of the newly identified target genes in tadpoles. Chromatin was isolated from three whole premetamorphic tadpoles treated in either the presence or absence of 10 nM T3 for 48 h and used in the ChIP assay. Nine TRE regions in four T3-responsive promoters (cyclin J, REV1, collagenase-3, and deiodinase-3) and a control DNA region, REV1 exon 5, were analyzed for TR binding after immunoprecipitation with an anti-TR antibody (new PB-1) by using quantitative PCR with the eluted DNA. The data are represented as percentage of input chromatin. The bars represent mean Ϯ S.E. from two to three replicate experiments performed. Statistically significant (p Ͻ 0.05) increases in TR binding in response to T3 at some TREs are marked by an asterisk. Note that all TRE regions have statistically significant enrichment (p value Ͻ 0.05) compared with REV1 exon 5, although the ChIP signal varied considerably among different TREs (see text for more details).
T3-dependent gene regulation program is conserved between X. tropicalis and X. laevis.
Furthermore, our bioinformatic search showed that of the 46 CHX-resistant T3-induced genes with clear homologs between X. laevis and X. tropicalis, 45 have candidate TREs within 2000 bp of their putative transcription start site. In addition, biochemical studies showed that, of the genes analyzed, each has at least one TRE capable of binding to the TR/RXR heterodimer strongly in vitro. More importantly, our in vivo ChIP assay has shown that TR is bound to the TREs of newly identified target genes in premetamorphic X. tropicalis tadpoles and that the binding to some of the TREs increases upon T3 treatment, just like that in X. laevis. By using the oocyte transcription system, we have further demonstrated that TR regulates the promoters of the newly identified genes in vivo in the context of chromatin. Thus, most, if not all, of the genes discovered here are likely directly regulated by TR during Xenopus development. These findings allowed us for the first time to generate a Xenopus consensus TRE based on a large number of biochemically characterized, natural occurring TREs. The consensus TRE and the degeneracy identified here should help to refine future searches for TREs in other TR target genes by using position-specific probability matrix (MEME) (60) . Of particular interest in this regard is the identification of direct target genes of T3 in different metamorphosing tissues, which are likely important to dictate tissue-specific transformations, an area that we are currently pursuing.
Our microarray analysis showed that only a small fraction of genes was commonly regulated by T3 in the absence or presence of CHX. One reason is that the genes regulated by T3 alone likely include both immediate early, direct T3 response genes, which are CHX-resistant T3 response genes, and late, downstream T3 response genes. Thus, one would expect that the biological functions of the genes regulated by T3 in the absence of CHX and those in the presence of CHX would also only partially overlap. Indeed, our GO categories analysis revealed that there are a number of GO categories overlapping between the genes induced by T3 alone and those induced by T3 in the presence of CHX. On the other hand, there are few common GO categories between the down-regulated genes by T3 alone and those by T3 in the presence of CHX, consistent with the much fewer common down-regulated genes under the two conditions (Fig. 2) .
The direct T3 response genes (regulated by T3 in the presence of CHX) are enriched in GO categories related to transcriptional regulation, such as transcription factors (Table 3  and supplemental Table 5 ). Some of these transcription factors have been reported previously as direct targets of T3, such as TR␤ and TH/bZIP (34, 35, 65) . Interestingly, GO categories related to transcriptional regulation are not significantly enriched in the genes regulated by T3 alone, likely because of the presence of many late, downstream response genes in this case. These results support the idea that a transcription factor-mediated gene regulation cascade plays an important role in metamorphosis and suggest that the earliest members of the gene expression pathways leading to subsequent morphological changes involve a disproportionately larger fraction of transcription factors.
Another GO category specifically enriched in the direct T3 target genes is metallopeptidases (Table 3 and supplemental  Table 5 ). This suggests that the remodeling of the extracellular matrix and other protein degradation events are important early signaling events induced by T3 during metamorphosis. In fact, one of the first T3 direct response genes found during metamorphosis is stromelysin-3 (MMP-11) (36, 66 -68) , which has been shown to be essential for T3-induced cell death during metamorphosis (43, 69 -71) . Thus, signaling processes triggered through the action of metallopeptidases are another important early event toward regulating cell fate and behavior during metamorphosis.
In addition, our GO analysis revealed the enrichment of categories related to cell cycle and DNA replication in the genes induced by T3 alone and/or by T3 in the presence of CHX. Interestingly, whereas cell cycle categories were enriched in the direct target genes, DNA replication categories were enriched in the genes induced by T3 alone. These suggest that, in the absence of protein synthesis, T3 may induce cell cycle changes. The direct target genes by themselves, however, are not sufficient for DNA replication but rather prepare the cells to enter the S-phase. This is strongly supported by the enrichment of G 1 /S phase transition genes but the absence of DNA replication genes, e.g. the MCM genes involved in replication fork (72) , in the direct T3 target genes (Table 3 and supplemental Table 5 ). Likewise, the absence of the GO categories, related to ribosomal biogenesis and assembly in the CHX-resistant T3 response genes, and their presence in the genes induced by T3 alone, suggest the possibility that downstream genes are required to sustain cell proliferation. Undoubtedly, it would be of importance in the future to investigate the function of the direct target genes to test these predictions.
